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Introduction
Prokaryotic ribosome synthesis is a complex, multistep process requiring the coordinated synthesis, cleavage, post-transcriptional modification and folding of ribosomal RNA (rRNA), and the translation, post-translational modification, folding and binding of approximately 50 ribosomal proteins (r-proteins). The fundamentals of the basic steps of this process have been reviewed extensively [1] [2] [3] [4] [5] . Ribosome biogenesis is energetically costly, with the majority of cellular transcription and translational capacity dedicated to the production of new ribosomes [6, 7] . This process is both rapid, requiring 2 minutes for production of a single ribosome [8, 9] , and efficient, with the vast majority of assembly events resulting in mature, translationally active complexes. The assembly of ribosomes is tightly regulated in a growth-rate-dependent manner primarily at the level of rRNA synthesis [10] , which, in turn, regulates r-protein synthesis through an elegant autoregulatory feedback translational control mechanism that prevents the r-proteins' levels from exceeding the availability of rRNA [11] . The net effect of this network of regulatory mechanisms is a linear relationship between cellular growth rate and ribosomal content that optimally allocates the proteome between catabolic enzymes that produce amino acids, and ribosomes that convert these precursors into new biomass [12] .
(a) A co-transcriptional assembly process
Despite the central cellular role of ribosome assembly in cell physiology, and decades of study, the details of ribosome biogenesis are only beginning to emerge. There has been a trade-off between the detailed studies that can be accomplished by studying assembly in vitro, and less precise but more biologically relevant studies that can be carried out in cells. The primary difference between the in vitro and in vivo studies is the co-transcriptional assembly of rRNA that occurs in cells. Direct evidence for co-transcriptional assembly arose from observation of ultrastructure in the rRNA operons, known as 'Miller spreads' [13 -16] . Miller found that gently fixing the chromatin of rapidly growing cells cross-linked the RNA polymerase (RNAP) and nascent rRNA transcripts, and that these preparations could be visualized by negative-& 2017 The Author(s) Published by the Royal Society. All rights reserved.
stain electron microscopy (EM), as shown in figure 1. These images revealed high packing density of RNAP on the rRNA gene with clear evidence for association of additional protein components to the nascent rRNA as the polymerase moved through the operon. Furthermore, a discrete transition from long to short nascent chains at the approximate position of the 3 0 -terminus of the 16S rRNA coding region provided strong evidence for co-transcriptional rRNA cleavage and release of a 30S precursor early during transcription of the pre-23S rRNA (figure 1) [17] .
(b) Assembly guided by RNA folding
Elegant small-angle neutron-scattering measurements by Dr Ramakrishnan suggested that assembly of the small ribosomal subunit (SSU) required RNA folding and compaction, which occurred through both r-protein-dependent and -independent events [18] . These initial experiments further suggested the proteins and RNA were intermingled, a hypothesis that would later be validated when atomic structures of the SSU [19] , large subunit (LSU) [20] and mature 70S [21] were solved. These structural studies, when combined with a variety of biochemical and biophysical experiments, led to the hypothesis that ribosome assembly is effectively an RNAfolding problem [22] , wherein proteins are used to 'lock in' productive RNA folding and drive the structure towards its mature conformation [23, 24] . RNA structure probing experiments by the Noller, Woodson and Weeks labs have provided evidence that much of the native rRNA secondary structure is formed in a protein-independent manner, whereas native tertiary rRNA contacts are often stabilized through protein-binding events [25] [26] [27] [28] .
(c) In vitro ribosomal protein assembly maps
Despite the highly complex and co-transcriptional nature of the assembly process, active subunits can be reconstituted in vitro using purified r-proteins and rRNA [29, 30] . While these in vitro assembly reactions are generally less efficient than the process in vivo, the success of in vitro assembly implies that the folding determinants are primarily encoded in the ribosomal components themselves. Extensive in vitro reconstitution experiments by the Nomura and Nierhaus groups directly tested the interdependence of r-protein binding [31, 32] . By withholding specific r-proteins, they could classify the r-proteins into groups that bound to rRNA independently ( primary binders) and those whose binding was improved by the addition of other r-proteins (secondary binders). These distinct protein-binding classes were the first evidence that ribosome assembly consisted both of sequential and parallel processing steps, and direct structural evidence of these parallel pathways was later observed for both the SSU [33] and LSU [34] . This mixture of sequential and parallel elements provides for a rich landscape of potential assembly pathways. Under a particular growth condition, ribosome assembly flux will partition between the available parallel assembly pathways according to the rates of those pathways, with greater flux along the more rapid pathways. However, the availability of alternative and potentially slower parallel pathways provides an added degree of robustness to buffer the system against transient changes in r-protein or assembly factor availability, stochastic rRNA misfolding or environmental fluctuations (e.g. temperature).
Prokaryotic ribosome biogenesis remains an active and rich area of research, with particular interest in (i) understanding the role of assembly cofactors, (ii) determining the structure and composition of assembly intermediates, and (iii) understanding the kinetics of the process in vivo including the role of and extent to which parallel processing is used. Below, we discuss recent progress in the field.
The role of ribosome biogenesis factors
Dozens of accessory biogenesis factors help guide the assembly process, including GTPases [1] , rRNA modification enzymes, helicases and other maturation factors [4] . Putative roles for these factors include aiding the maturing particle in avoiding kinetic traps that are thought to occur during RNA misfolding [35] , facilitating r-protein association or serving to block premature or non-native r-protein binding [36] . Much recent research has focused on the role of these factors, with researchers testing their activity by adding the factors to in vitro reconstitutions and identifying r-protein binding rates that are enhanced upon factor addition [37] , or withholding them in vivo using genetic deletions or depletions and monitoring ribosome assembly for defects [38 -43] . Interestingly, many ribosome assembly factors are non-essential, indicating that the reactions they catalyse can be bypassed in a parallel pathway, that redundant factors are present or that they are only necessary under particular environmental conditions like cold-stress. Notably, recent ribosome profiling experiments [44] as well as direct quantitative mass spectrometry measures [45] have revealed that the assembly factors are present at low levels (less than 5% of total ribosomes) and are thus likely to act on the maturing subunits rapidly and catalytically and must have relatively low affinity for the mature subunits to ensure they are not titrated away from intermediates undergoing maturation.
To understand the role of assembly factors in ribosome biogenesis, a series of recent studies have used genetic or pharmacological assembly factor inhibitors [46] . Briefly, cells are grown under factor-restricted conditions, which results in the accumulation of apparent assembly intermediates whose composition and structure is then determined. Using this approach, researchers have suggested roles for assembly factors in aiding in docking of entire structural domains (e.g. RimP) [47] , properly positioning r-proteins on the ribosome (e.g. RbgA) [36] , or in blocking the SSU-LSU association until maturation is complete (e.g. YjeQ/RbfA) [48] .
(a) Ribosome assembly under perturbed conditions
While much of our understanding of ribosome assembly in vivo has resulted from analysis of cells grown under nonoptimal conditions (e.g. assembly factor depletions), it is worthwhile noting that interpreting the point of action for a particular factor can be difficult. In these experiments, the accumulating intermediates may have progressed significantly beyond the point of the initial perturbation due to the presence of alternative, parallel assembly pathways. As a result, the intermediates that accumulate during perturbation may not reflect the same intermediates that accumulate in the absence of perturbation. These effects can be illustrated using a simplified model system where four proteins (P1, P2, P3 and P4) bind using two parallel pathways. In this model, P1 and P2 binding are independent, rstb.royalsocietypublishing.org Phil. Trans. R. Soc. B 372: 20160181 but P3 binding depends on P1, and P4 binding depends on P2 (figure 2a). In this system, the flux through potential assembly pathways, the steady-state intermediate populations (figure 2b), and the total protein occupancy across all intermediates (figure 2c) can be calculated using a stochastic chemical simulation [49] . Assuming equal rates of protein binding at any given step, each of the eight possible intermediates are populated at similarly low levels. These balanced kinetic rates result in many parallel pathways that all converge on the fully assembled complex, and proteins that can be classified as either 'early' (P1, P2) or 'late' (P3, P4) based on their total abundance in the intermediate population ( figure 2a,c) .
The effects of a perturbation can easily be modelled by decreasing the rate constant for binding of a particular protein. For example, if P2 binding is limited either by deletion of a cofactor that facilitates that step, or by limiting the availability of P2, there is accumulation of a significant population of intermediates. If the overall rate of mature ribosome assembly is unchanged, then the steady-state pool of assembly intermediates will increase upon the limitation. Furthermore, the accumulated intermediates will bear an altered ribosomal protein composition, with strong enrichment for proteins that can bind in the unperturbed (left) pathway. Indeed, in the permissive condition, P1 and P2 binding precede P3 and P4 binding, as reflected in the assembly map in part (a). In the restrictive condition, P1 and P3 binding appear 'accelerated' based on their abundance in the intermediates, whereas and P2 and P4 binding appear 'delayed' (figure 2b,d). In reality, the availability of the parallel pathway allows for P2-independent P3 binding. These data show the evidence for the parallel pathways inherent in the assembly map, but also show the complex relationship between the observed order of binding during perturbation and the order of binding without perturbation. This simple example highlights a point of caution when interpreting such assembly inhibition experiments and the dangers of inferring r-protein binding order under wild-type conditions from the binding order observed upon perturbation. Notably, the limitation's effect on P2 and P4 binding becomes apparent upon comparing the composition of the ensemble of intermediates between restrictive and permissive conditions (figure 2c). There, one will note that P3 levels increase by accumulation of an intermediate that is not well-populated in the absence of the perturbation.
An additional concern when perturbing assembly is whether the accumulating particles are dead-end intermediates or whether they are competent to mature, and thus may provide information about the native pathway. One can distinguish between these possibilities using a pulsechase experiment, which determines whether the rRNA in the intermediate can be radiolabelled and then chased into the mature particles [45, 46, 50] . Alternatively, if cells are pulse labelled with a stable isotope, quantitative mass spectrometry of r-proteins can be used to show that (i) the intermediate labels before the 70S particle, placing the intermediate upstream, and (ii) that the presence of the intermediate induces a lag in the labelling kinetics of the mature particle, demonstrating that the intermediate is competent to mature [8, 34, 41, 47, 51] . These behaviours are captured in the stochastic simulation as a lag introduced into the labelling kinetics of the fully assembled complex. Under the permissive conditions, there is a small population of assembly intermediates, resulting in a small but measureable lag in formation of the full complex. By contrast, owing to the significant population of intermediates awaiting the limiting P2 binding, there is a significant lag in labelling of the full complex (figure 2f ). Notably, this lag can be used to estimate the abundance of the maturation-competent intermediates [41] .
Structure and composition of assembly intermediates
The seminal Nierhaus and Nomura experiments demonstrated thermodynamic cooperativity in r-protein binding, suggesting the presence of underlying cooperatively folded domains in both the SSU and LSU. In the SSU, these folding domains were hypothesized to consist of the individual domains (5 0 , central, 3 0 major and 3 0 minor) predicted from the secondary structure as few tertiary contacts were identified linking those domains [52] . In general, r-protein binding in the SSU can be directly attributed to a single domain [52] , with a
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1542 nt 2904 nt 120 nt Figure 1 . Co-transcriptional assembly of ribosomes in the E. coli ribosomal RNA operon. The negative-stain electron micrograph of fixed chromatin shows the high transcriptional level of the ribosomal operon, where over a hundred RNAP molecules can be seen over the 5.5 kb segment [13] . The organization of the rRNA genes is shown below, where the primary rRNA precursor transcript is processed by a series of endonucleolytic cleavage reactions to produce the mature 16S, 23S and 5S rRNAs. The series of increasingly long nascent transcripts can be seen progressing from left to right, with evidence for co-transcriptional binding of ribosomal proteins. In addition, co-transcriptional rRNA processing is observed, indicated by the arrow, which liberates a pre-30S ribonucleoprotein complex prior to initiating the transcription of the 23S rRNA gene.
rstb.royalsocietypublishing.org Phil. Trans. R. Soc. B 372: 20160181 small number of r-proteins linking distal domains in the final structure [53] . The structural observations are consistent with previous experiments demonstrating that individual domains can be folded and reconstituted with the appropriate subsets of ribosomal protein in vitro [54] [55] [56] . Indeed, these results indicate that tertiary contacts observed in the mature particle are dispensable for folding of the individual domains. These data were further validated in a series of structural studies of assembly intermediates generated from time-resolved in vitro reconstitutions [33] , or from structural analysis of intermediates arising in vivo under various perturbed conditions [47] .
For example, Sashital et al. used negative-stain electron microscopy reconstructions of particles arising in a rimPdeletion strain to identify intermediates bearing various combinations of the body, platform, head and terminal stems. Notably, these structural regions correspond to 16S rRNA arising from the 5 0 , central, 3 0 major and 3 0 minor secondary structure domains, respectively [47, 52] . Later stage assembly intermediates were structurally characterized by single-particle cryo-electron microscopy using various assembly factordepletion strains, and these structures suggested that the head was the last element to dock as each of the structures bore , can be used to simulate the flux through the assembly pathways and the populations of all of the intermediates using the Gillespie algorithm for stochastic dynamics [49] . The RNA is schematically shown as a grid of binding sites, and the proteins as circles. Icons are coloured by abundance according to the colour bar. In the permissive scheme, all protein-binding rate constants are the same. In the restrictive scheme, the rate constant for all steps involving P2 binding are reduced fivefold (dashed arrows). (d ) The total population of each protein summed across all intermediates is shown for the permissive condition (black) and the restrictive condition (grey). These values correspond to the protein levels that would be measured by quantitative mass spectrometry. (e) Simulated pulse-labelling kinetics of the mature particle under permissive (blue) or restrictive (red) conditions. A no-intermediate reference is also shown (black).
rstb.royalsocietypublishing.org Phil. Trans. R. Soc. B 372: 20160181 completely or nearly completely formed body and platform structures with much of the head region unresolved [47, [57] [58] [59] . Additionally, these complexes only lacked tertiary binding proteins, consistent with nearly mature intermediates.
(a) Folding blocks in the small subunit
To determine how these SSU intermediates are related to one another and to understand how various SSU structural elements co-assemble, we have analysed the majority of the available SSU assembly intermediate structures on a protein-by-protein, and helix-by-helix basis following the approach described by Davis et al. [34] (figure 2a; electronic supplementary material, figure S1 ). For each structure and each protein or helix, we calculated the amount of density docked in a native conformation as defined by the assembled 70S subunit. We then clustered this data, revealing a set of four blocks whose 'native occupancy' differed between classes; and we name these blocks 1-4. Consistent with the domain architecture described above, we found that blocks 3 and 4 directly corresponded to the 3 0 minor and 3 0 major domains in the 16S secondary structure map [60] (figure 3b and table 1). Block 4 was particularly distinguished by its low occupancy in 'early' intermediates found in in vitro reconstitution experiments, as well as intermediates from rimP 2 , rimM 2 and rbfA 2 /rsgA 2 strains. When mapped onto the crystal structure (figure 3c), it is clear that block 4 rRNA helices and proteins form the SSU 'head', consistent with reports of misdocking or incomplete docking of the head in these structures [33, 47, 57, 62] . Block 3 exhibited the greatest degree of heterogeneity, but was generally under-occupied across the structures inspected. Notably, this group included the late-binding proteins uS2, uS3, and bS21 as well as helix 44, whose docking is hypothesized to be one of the last assembly events [25, 65, 66] . As with block 4, the block 3 elements nicely co-localize on both the secondary and tertiary structures, forming the 3 0 minor domain ( figure 3b,c) .
By contrast, block 2, which was present in the vast majority of the structures, consisted of elements from both the 5 0 and central domains (figure 3b), as well as helix 36, which forms extensive contacts with the central pseudoknot and links the 3 0 major domain to the rest of the structure (electronic supplementary material, figure S3 ). Owing to the central pseudoknot's proximity to the 5 0 and central domains, this 'native occupancy' analysis may overestimate the presence of helix 36, particularly in the lower resolution structures. Regardless, it is interesting to note that none of the isolated and characterized intermediates consisted exclusively of either the 5 0 or central domains despite the fact that, according to in vitro studies, these isolated domains are competent for folding. This result suggests either that these domains cofold very rapidly in vivo, or that the individually folded domains have gone unnoticed in current datasets due to their small size. As single-particle cryo-EM techniques mature, it will be interesting to search for evidence of independent folding of the 5 0 or central domains in intermediates isolated in vivo. Finally, block 1 was composed of a subset of rRNA helices from the 5 0 and central domains as well as the early binding proteins uS4, uS15 and bS20. The fact that these elements are located on the periphery of the structure (figure 2c) suggests that these elements may be incompletely or less stably docked in the structures analysed. Interestingly, the rRNA helices from block 1 are strongly connected through tertiary interactions (electronic supplementary material, figure S3 ), indicating that they may fold and dock in a cooperative manner.
(b) Folding blocks in the large subunit
Identifying cooperative folded domains in the LSU has been significantly more difficult because the rRNA domains defined by the secondary structure are highly intertwined and linked through tertiary contacts in the mature subunit [21, 67] . Further complicating matters, numerous r-proteins contact link distal rRNA secondary structure domains [21, 68] . As a result of this highly interlocked RNA tertiary structure, it is perhaps not surprising that in vitro assembly of the LSU is significantly less efficient than for the SSU, and proper maturation requires various temperature and buffer changes [29] . Moreover, it has not been possible to systematically reconstitute individual domains of the LSU in analogy to the SSU. Finally, unlike the SSU, cooperative protein binding events observed by Nierhaus et al. are generally difficult to reconcile with the LSU rRNA secondary structure domains.
In studying the role of various LSU assembly cofactors, the Gao and Ortega groups determined the structure of a variety of assembly intermediates that arise upon cofactor depletion or deletion [41] [42] [43] . Interestingly, these intermediates largely lack the central protuberance, consistent with late folding of this region, and suggesting that the remaining LSU structure can fold largely independently. Notably however, the peptidyl transferase centre is highly disordered in each of these structures suggesting its maturation occurs late in assembly. This result raises the possibility that the modern ribosome assembles along a significantly different assembly pathway than its PTC-only primordial ancestor, which is thought have lacked many of the modern domains now observed to assemble before the PTC.
More recently, we determined the structure of 13 assembly intermediates that arise upon depletion of the r-protein bL17 [34] . These structures are highly disparate and allow for the identification of five folding blocks that are differentially present across the various structures, consistent with the individual blocks folding cooperatively and largely independently. Notably, block 2 from these structures contains the central protuberance and we find a high degree of overlap in structural elements lacking in block 2 and those elements missing in the aforementioned cofactor depletion structures. This overlap could be quantified by calculating the native occupancy of each protein or helix and clustering the resulting data matrix as described for the SSU above ( figure 3d) . Additionally, the degree to which different structures are related can be quantified using their linkage distance, providing an unbiased approach to group various structures.
This approach revealed that the folding blocks observed in the bL17-depletion strain intermediates are largely conserved across the full swath of intermediate structures that could be analysed. Interestingly, including the additional factor-depletion structures did reveal a single new block 6, which was present at full occupancy in all non-bL17 depletion structures, but was largely absent in the bL17 depletion structures. Unsurprisingly, block 6 contained bL17 and bL17-dependent proteins, such as bL32 and bL28. This result suggests that many of the major groups we rstb.royalsocietypublishing.org Phil. Trans. R. Soc. B 372: 20160181 (e) ( f ) rstb.royalsocietypublishing.org Phil. Trans. R. Soc. B 372: 20160181 observed in the bL17 depletion are also present in the other structures, and it allows us to now segregate the structural effects that were specific to the bL17 perturbation. Mapping these blocks onto the 23S secondary structure highlights why understanding the folding pathway of the LSU has been significantly more difficult than that of the SSU. The folding blocks span multiple domains, and, although they are connected through tertiary contacts, these connections only represent a small fraction of the total tertiary interaction connectivity map. In contrast to the secondary structure maps, painting the tertiary structure by folding blocks provides a coherent view of how the blocks are related. Block 1, which is present in all of the structures, forms the solvent face of the LSU. Block 2, which is distinguished by its absence in each of the GTPase assembly cofactor depletion strains (rbgA 2 , yphC 2 and ysxC 2 ), forms the central protuberance. The remaining blocks 3, 4 and 6 form various regions of the subunit interface. Finally, block 5 is composed strictly of elements in flexible regions of the structure, and their low abundance in all structures is probably a simple reflection of this flexibility. As noted, our helix/protein occupancy approach also allows for the identification of structurally related intermediates. Satisfyingly, each of the mature 50S structures analysed co-clustered, and they were found to be most closely related to two lateassembly intermediates present in the bL17-depletion strain intermediates (E3 and E5). Next, we find that the bL17-depletion structures lacking a properly docked central protuberance (B, C3, C1 and C2) co-clustered with the least mature intermediates isolated from GTPase assembly cofactor depletion strains, which also lack this structure. Finally, this approach revealed that the 'D' classes isolated from the bL17-depletion strains are completely unique among the structures analysed. Given the rapid advances in single-particle cryo-electron microscopy, we expect a large number of new LSU assembly intermediate structures will be reported in the coming years, which will allow for the determination of how unique these 'D' class structures truly are.
Summary
The field of ribosome assembly is rapidly advancing due to technical advances in mass spectrometry, electron microscopy and other biophysical techniques. While the combined sequential and parallel nature of the assembly process has been appreciated for decades, it has been difficult to understand the role of RNA folding that underlies the cooperative assembly inherent in the Nierhaus and Nomura maps. Furthermore, the substrates and mechanistic roles for the dozens of assembly cofactors remain relatively obscure. By comparing the structures of a wide range of assembly intermediates, we are getting the first molecular glimpses of Table 1 . Electron microscopy structures used in native occupancy analysis. Subunit, label used in figures 2 and 3, sample description, structure ID, nominal resolution, density threshold used and reference provided. isolated from a ysxC depletion strain 8274 -8275 6.5 0.014 [43] dYphC isolated from a yphC depletion strain 8276 6.5 0.014 [43] rstb.royalsocietypublishing.org Phil. Trans. R. Soc. B 372: 20160181 how ribosome assembly proceeds. While a great deal remains to be understood, it is now clear that the tools are in hand that will ultimately decipher the intricate details of the key process of ribosome biogenesis.
